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INTRODUCTION 

Powder metallurgy (P/M) processing produces a fine, uniform grain structure and a homogeneous 

distribution of alloying elements.1 It also enables element additions not possible in ingot metallurgy 

(l/M) alloys because of ingot cracking and coarse segregation. As a result, P/M products are more 

isotropic with respect to strength and may have good fatigue crack initiation resistance. 

Although the resistance of P/M aluminum alloys to fatigue crack growth has been investigated 

rather extensively,210 it is still not generally understood well. The fatigue crack growth behavior of P/M 

aluminum alloys under constant-amplitude loading cannot always predict that under spectrum loading. 

Conclusions drawn from ranking P/M and l/M aluminum alloys based on constant-amplitude loading 

tests can be different from those based on spectrum loading tests, and at times these rankings can be 

reversed.2 Some typical examples follow. 

According to Wanhill2 and Schra,6 under constant-amplitude loading the fatigue crack growth 

(FCG) resistance of a P/M 7091-T7E69 aluminum alloy is equivalent to or better than that of l/M alu- 

minum alloys 7010-T736, 7050-T736, 7075-T73, and 7175-T736. Under spectrum loading, however, 

the P/M aluminum alloy is greatly inferior. Rafalin's investigation7 shows that under constant-amplitude 

loading the FCG rates of a P/M CT-91 aluminum alloy are lower than those of an l/M 7475-T6150 alu- 

minum alloy. This behavior is reversed at low stress intensity factor range AK levels. On the other 

hand, Hart8 indicates that under constant-amplitude loading FCG rates of a P/M X7091-T7E69 alu- 

minum alloy are generally faster than those of an l/M 7075-T7351 aluminum alloy at intermediate AK 

levels of 2.7 to 10 ksiVin. At low AK levels below 2.7 ksh/in, the FCG rates of P/M aluminum alloy are 

comparable to those of l/M aluminum alloy. Similarly, Ruschau9 reports that the constant-amplitude 

FCG rates of P/M 7091-T7E69 aluminum alloy are considerably greater than those of l/M 7050-T76 

aluminum alloy. But under spectrum loading the P/M aluminum alloy is consistently superior to the l/M 

aluminum alloy in relation to FCG resistance. Bretz10 also points out that the spectrum fatigue life of 

1 
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P/M 7091-T7E69 aluminum alloy can be nearly three times longer than comparable conventional alu- 

minum alloys in the 7XXX series (7050-T6510,7050-T7E63, and 7475-T7351). 

To understand the fatigue crack growth resistance of P/M aluminum alloys, the fatigue behaviors 

of P/M 7091-T7E69 and l/M 7475-T7351 aluminum alloys are investigated and compared under 

constant-amplitude and spectrum loadings in this study. The constant-amplitude fatigue test aims at 

establishing the baseline fatigue data, while the spectrum loading fatigue test determines the response 

of the alloys to realistic load sequences for fighter and transport aircrafts. 
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EXPERIMENTAL PROCEDURE 

MATERIAL AND SPECIMEN PREPARATION 

Two aluminum alloys, P/M 7091-T7E69 die forging and l/M 7475-T7351 plate, were selected as 

the specimen materials, considering their similarity in chemical composition. Their chemical composi- 

tions are given in Table 1. The P/M 7091-T7E69 aluminum alloy die forging, Figure 1, was supplied by 

the National Aerospace Laboratory, NLR, The Netherlands. The positions of tensile and fatigue test 

specimens in this forging are shown in Figure 2, and the details of the specimens are given in Figures 

3 and 4. The specimens of l/M 7475-T7351 aluminum alloy were prepared from a 12.7-mm-thick plate. 

TENSILE AND FATIGUE TESTS 

Both the tensile and fatigue tests were done on a closed-loop electro-hydraulic MTS system in a 

controlled-laboratory atmosphere of 75 degrees F and 45 percent relative humidity. 

The tensile test was performed, using dogbone specimens, at a loading rate of 17,794 N/min 

(4000 Ib/min). 

The fatigue tests were carried out using center-cracked tension (CCT) specimens under constant- 

amplitude and aircraft spectrum loadings. The loadings were in the longitudinal (L) direction of the P/M 

7091-T7E69 aluminum alloy die forging and in the original rolling (L) direction of the l/M 7475-T7351 

aluminum alloy plate. In the constant-amplitude loading fatigue tests, the load waveform was haver- 

sine, the stress ratios (R • amin/amax) 0.1 and 0.5, and the frequency 10 Hz. For the aircraft spectrum 

loading fatigue tests, two spectrum sequences, Fighter Aircraft Loading STAndard For Fatigue (FAL- 

STAFF) and shortened version of Transport Wing STandard (MINI-TWIST), were employed. 

FALSTAFF was developed by the National Aerospace Laboratory, NLR, Laboratorium Fur Bet- 

riebsfestigkeit (Darmstadt), Industrieanlagen-Betriebsgesellschaft (Ottobrunn), and the Eid- 
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genossisches Flugzeugwerk (Emmen).11 The FALSTAFF sequence consists of blocks of 200 different 

flights classified into three groups of mission types: 

repetitive patterns of severe maneuvering 

severe maneuvering 

moderate maneuvering 

The sequence of flights and flight loads is random. All peak and trough toad values are classed 

into 32 equidistant, discrete levels. Level 1 is assigned to the lowest trough value, and level 32 is 

assigned to the highest peak value. The physical zero stress/load value is located at the level equiva- 

lent to 7.5269. 

In this study the applied stress is 7 MPa per FALSTAFF level, resulting in a maximum stress level 

of 171.3 MPa and a minimum stress level of -45.7 MPa. 

TWIST represents the load history of the wing root of transport aircraft, and it was established by 

the National Aerospace Laboratory, NLR, and Laboratorium Fur Betriebsfestigkeit (Darmstadt).12 MINI- 

TWIST13 is a shortened version of TWIST, with 95 percent of the lowest toad-amplitude cycles omitted. 

Since the omitted load cycles also contribute to damage, the test results with MINI-TWIST overesti- 

mate the fatigue life as compared with TWIST. However, the absolute fatigue lives are less important 

for alloy comparison; thus, MINI-TWIST serves the purpose of this study. 

MINI-TWIST consists of blocks of 4000 different flights, which are classified into 10 types ranging 

from stormy to calm conditions. The spectrum, having initially ten load-amplitude levels, is truncated to 

the third-highest load-amplitude level in this study. It provides eight occurrences of the maximum 

stress level 126.5 MPa in a block of 4000 flights. This is a reasonable truncation level for crack growth 

tests. The minimum stress level is -16.5 MPa. 
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Both the FALSTAFF and MINI-TWIST sequences contain compression load cycles. Possible 

buckling during compression loading was prevented by a plastic sheet-lined aluminum alloy antibuck- 

ling guide with cutout to allow observation of the crack. 

In every fatigue test, when the crack became visible on the polished specimen surface, the cyclic 

loading was stopped and the crack length was measured using a traveling microscope. This measure- 

ment was repeated until the crack tip reached an edge of the specimen or until the specimen was frac- 

tured. In the constant-amplitude fatigue test, the crack growth rate, da/dN, was determined by the 

seven-point incremental polynomial method.14 (a = one half crack length, N - number of loading 

cycles.) The corresponding stress intensity factor range, AK, was calculated using the following equa- 

tion.^ 

AK-  *£ 

a=w 

B   \| 
2a 

L.JL.sec(l±) 
2   W        { 2 J 

where 

AP • pmax- pmin" applied load range 

pmax - maximum applied load 

pmin • minimum applied load 

B • specimen thickness 

W - specimen width 
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MICROSTRUCTURAL AND FRACTOGRAPHIG EXAMINATIONS 

The microstructures of the specimens were studied with an optical microscope, a JEOL 100CX2 

transmission electron microscope, and an AMR 1000 scanning electron microscope operated at accel- 

erating voltages of 120 and 20 kV, respectively. For the optical microscopy and the scanning electron 

microscopy, the specimens were etched with Keller's reagent. The transmission electron microscopy 

foils were prepared by means of electro-polishing. 

The fracture surface morphologies of the specimens were examined with an AMR 100 scanning 

electron microscope operated at an accelerating voltage of 20 kV. 
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RESULTS 

The results of the study are divided into four parts: tensile properties, fatigue behavior, microstruc- 

ture, and fractograph. 

TENSILE PROPERTIES 

Tensile test results of P/M 7091-T7E69 and l/M 7475-T7351 aluminum alloys are shown in Tables 

2 and 3 and in Figure 5. The following aspects are indicated: 

1. P/M 7091-T7E69 aluminum alloy has greater tensile yield strength and ultimate tensile strength 

than l/M 7475-T7351 aluminum alloy. The tensile yield strength superiority of P/M 7091-T7E69 alu- 

minum alloy to l/M 7475-T7351 aluminum alloy is 19 percent for the L direction and 18 percent for the 

T direction. The ultimate tensile strength superiority is 12 percent for the L direction and 10 percent for 

the T direction. 

2. P/M 7091-T7E69 aluminum alloy has less elongation than l/M 7475-T7351 aluminum alloy. The 

elongation inferiority of P/M 7091-T7E69 aluminum alloy to l/M 7475-T7351 aluminum alloy is 16 per- 

cent for the L direction and 38 percent for the T direction. 

FATIGUE BEHAVIOR 

Fatigue test results are separated into two sections: constant-amplitude loading fatigue and air- 

craft spectrum loading fatigue. 

CONSTANT-AMPLITUDE LOADING FATIGUE 

In l/M 7475-T7351 aluminum alloy specimens, the fatigue crack growth is regular in a plane nor- 

mal to the loading axis, with only minor differences in the crack length at the left and right sides of the 

center hole, as shown in Figure 6(a). 
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In P/M 7091-T7E69 aluminum alloy specimens, however, the fatigue crack growth is quite irregu- 

lar. The crack path is tortuous and deviates from the plane of symmetry; the differences between the 

left and right crack lengths are large, as shown in Figure 6(b). Therefore, the crack length projected in 

the plane of symmetry is taken instead of the actual one for the plot of half crack length versus number 

of fatigue loading cycles and that of crack growth rate versus stress intensity factor range. 

The increasing crack length with increasing number of fatigue loading cycles; the variation of 

crack growth rate, da/dN, with stress intensity factor range, AK; and the fatigue crack growth life are 

shown in Figures 7 through 11 and Table 4. The following features are indicated: 

1. The fatigue crack growth rate of P/M 7091-T7E69 aluminum alloy is greater than that of l/M 

7475-T7351 aluminum alloy at the stress intensity factor ranges employed for both R - 0.1 and 

R • 0.5. For both alloys the fatigue crack growth rate is greater at a given stress intensity factor range 

with R = 0.5 than with R = 0.1. 

2. The fatigue crack growth lives of P/M 7091-T7E69 aluminum alloy are shorter than those of l/M 

7475-T7351 aluminum alloy in the tests with R= 0.1 and R = 0.5. The life ratios are 0.19 for R - 0.1 

and 0.26 for R = 0.5, respectively. 

From the foregoing it is evident that P/M 7091-T7E69 aluminum alloy is inferior to l/M 7475-T7351 

aluminum alloy with respect to fatigue resistance under constant-amplitude loading. 

AIRCRAFT SPECTRUM LOADING FATIGUE 

Test results of aircraft spectrum loading fatigue are divided into two parts: FALSTAFF and MINI- 

TWIST spectrum loading fatigues. 

1. FALSTAFF Spectrum Loading Fatigue 

8 
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Fatigue crack growth life under FALSTAFF spectrum loading is shown in Figure 12 and Table 5, 

and the variation of crack length with number of flights is shown in Figure 13. The fatigue crack growth 

behavior of P/M 7091-T7E69 aluminum alloy is clearly inferior under the FALSTAFF spectrum loading. 

One of the P/M 7091-T7E69 aluminum alloy specimens fractured at 33 flights before any visible crack 

grew. The other failed when the crack grew only 2.9 mm from the notches at 143 flights. On the other 

hand, an l/M 7475-T7351 aluminum alloy specimen survived until the crack grew 62 mm from the 

notches at 7635 flights. The mean fatigue crack growth life of the P/M 7091-T7E69 aluminum alloy 

specimens is only 1 percent of that of the l/M 7475-T7351 aluminum alloy specimen. 

2. MINI-TWIST Spectrum Loading Fatigue 

Fatigue crack growth life under MINI-TWIST spectrum loading is also shown in Figure 12 and 

Table 5, and the variation of crack length with numbers of flights and blocks is shown in Figure 14. The 

fatigue crack growth behavior of P/M 7091-T7E69 aluminum alloy is also very poor under MINI-TWIST 

spectrum loading. A P/M 7091-T7E69 aluminum alloy specimen fractured at 1465 flights after the 

crack grew only 7.2 mm from the notches. However, an l/M 7475-T7351 aluminum alloy specimen 

failed after the crack grew 73 mm from the notches at 31,350 flights. The fatigue crack growth life of 

the P/M 7091-T7E69 aluminum alloy specimen is 5 percent of that of the l/M 7475-T7351 aluminum 

alloy specimen. 

MICROSTRUCTURE 

A transmission electron micrograph (TEM) of P/M 7091-T7E69 aluminum alloy is shown in Figure 

15(a). The dominant microstructural features are prior powder boundaries (PPB) and small particles. 

The PPB are sharply defined by smooth powder surfaces contacting each other but are poorly defined 

by rough powder surfaces with broken surface oxides. Many of the particles are CojAlg or [Co, FeJjA^ 

and oxides. 
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The Co2Al9 or [Co, Fe]2AI9 particles appear as dark spheroids with diameters ranging from 30 to 

70 nm. They are located on grain boundaries as well as within grains and do not appear to be 

deformed or fractured by prior forging. Oxide particles appear as dark particles somewhat lighter and 

much smaller than the Co2AI9 or [Co, Fe]2AI9 particles. They are present as dense arrays mostly along 

PPB and some inside powder. Their size ranges from 1 to 15 nm. For P/M alloys, an oxide film forms 

on the powder surface during air-atomization. Subsequent processing tends to rupture the oxide films, 

leaving arrays of oxide fragments on the boundaries and in the interior of powder. The oxide particles 

have been identified as amorphous Al203 and crystalline MgO.15 

A transmission electron micrograph (TEM) of l/M 7475-T7351 aluminum alloy is given in Figure 

15(b). Precipitated fine particles and platelets of MgZn2 and large particles of Cr2Mg3Al18 are visible. 

However, no oxide particles are detectable. 

FRACTOGRAPHY 

Representative fracture surfaces of the tensile test specimens are shown in Figure 16. The frac- 

ture planes of both the P/M 7091-T7E69 and l/M 7475-T7351 aluminum alloy specimens are slanted 

approximately 45 degrees to the tensile loading axis for LT and TL orientations. For ST orientation, 

however, the fracture plane of the P/M 7091-T7E69 aluminum alloy specimen is approximately 90 

degrees to the tensile loading axis. (No tensile test was done for the ST orientation of the l/M 7475- 

T7351 aluminum alloy specimen.) 

These features indicate that fracture occurs by shear for the LT and TL orientations of specimens 

from both alloys, and that fracture occurs by tensile rupture for the P/M 7091-T7E69 aluminum alloy 

specimens of ST orientation. 

The SEM fractographs of the tensile test specimens are contained in Figures 17 and 18. Those of 

the P/M 7091-T7E69 aluminum alloy specimens of LT and TL orientations show fine, fibrous structure 

10 
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at low magnifications and have a "layered" appearance caused by sheets of dimples at higher magnifi- 

cations (Figure 17). In many of the dimples small particles can be seen, indicating nucleation of 

microvoids at arrays of particles. In the specimens of ST orientation, the fracture surface appears 

grainy at low magnifications and exhibits equiaxed dimples at higher magnifications. Many of these 

dimples contain small particles, as shown in Figure 17. Fractographs of the l/M 7475-T7351 aluminum 

alloy specimens of LT and TL orientations are less fibrous and show larger dimples (Figure 18). 

The crack planes of the P/M 7091-T7E69 aluminum alloy fatigue test specimens change their ori- 

entations frequently during fatigue crack growth. The change of crack plane orientation is most distinct 

in the fatigue loading of MINI-TWIST, followed by diminishing tortuosity in the order of FALSTAFF, con- 

stant amplitude with R = 0.5, and constant amplitude with R = 0.1. Conversely, the crack planes of the 

l/M 7475-T7351 aluminum alloy fatigue test specimens remain perpendicular to the fatigue loading 

axis throughout the fatigue crack growth life. 

Representative fracture surfaces of the fatigue test specimens are illustrated in Figures 19 

through 22. Each fracture surface consists of areas of slow crack growth and overload fracture. The 

fracture surfaces of the P/M 7091-T7E69 aluminum alloy specimens are finer than those of the l/M 

7475-T7351 aluminum alloy specimens for both slow crack growth and overload fracture. For the P/M 

7091-T7E69 aluminum alloy specimens the slow crack growth area is a mixture of bright beach mark 

zones of fatigue crack growth and darker zones of crack jump, except for constant-amplitude loading 

with R = 0.1. (In SEM fractographs, the beach mark zones are dark and the crack jump zones are 

lighter.) Crack jumping is particularly predominant during the FALSTAFF and MINI-TWIST spectrum 

loadings. 

The SEM fractographs of the fatigue test specimens are contained in Figures 23 through 30. 

Those of the P/M 7091-T7E69 aluminum alloy specimens, which were fatigue-tested under constant- 

amplitude loadings of R = 0.1 and 0.5 (Figures 23 and 24), exhibit the following: 
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1. In the beach mark zone near the notch (or the fatigue crack initiation site), facets can be seen. 

Some facets contain river patterns and faint striations. Nearly parallel secondary cracks, normal to 

the direction of crack growth, are present. 

2. As the crack extends farther from the notch, facets are progressively replaced by dimples, and 

eventually only dimples can be seen. 

3. The arc-shaped beach mark and the crack jump zones of the R - 0.5 specimens and the over- 

load fracture areas of the R = 0.5 and 0.1 specimens are covered with dimples. (No fatigue stria- 

tion can be seen in the beach mark zones of the R = 0.5 specimens.) 

4. Particles of various sizes and shapes are present throughout the areas of slow crack growth, 

crack jumping, and overload fracture. Some of the particles are clustered closely. (These particles 

are presumably oxides and Co2Al9 or [Co, Fe]2AI9.) 

The SEM fractographs of the l/M 7475-T7351 aluminum alloy specimens, fatigue-tested under 

constant-amplitude loadings of R = 0.1 and 0.5, show facets in the entire area of slow crack growth 

(see Figures 25 and 26). Some facets contain river patterns. 

The SEM fractographs of the P/M 7091-T7E69 aluminum alloy specimens, fatigue-tested under 

FALSTAFF and MINI-TWIST spectrum loadings, illustrate the following (see Figures 27 and 28): 

1. The beach mark zone adjoining the notch contains facets. Most of them contain river patterns. 

Secondary cracks run normal to the crack growth direction. 

2. In the beach mark zones having a parabolic shape, facets with river patterns can be seen. 

3. The crack jump zone between beach mark zones is covered with numerous dimples. Many of 

the dimples contain small particles, presumably oxides. (This observation indicates nudeation of 

12 
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micro-voids at oxide particles and resultant crack jumping.) 

4. The overload fracture zone is also covered with dimples. 

SEM fractographs of the l/M 7475-T7351 aluminum alloy specimens, fatigue-tested under FAL- 

STAFF and MINI-TWIST spectrum loadings, are contained in Figures 29 and 30. They show facets 

with river patterns in the immediate vicinity of the notch (or the fatigue crack initiation site) and sharply 

delineated fatigue striations in the remainder of the slow crack growth area. Secondary cracks can be 

seen along some of the striations. 

13 
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DISCUSSION 

The measured values of tensile yield strength and ultimate tensile strength of the P/M 7091 - 

T7E69 aluminum alloy are superior to those of the l/M 7475-T7351 aluminum alloy, as shown in Tables 

2 and 3. However, the elongation and fracture toughness,6 Klc or KQ, of the former are much lower 

than those of the latter, as shown in Tables 2, 3, and 6. The low ductility and fracture toughness must 

be closely associated with the inferior fatigue resistance of the P/M 7091-T7E69 aluminum alloy. 

The fatigue crack in the l/M 7475-T7351 aluminum alloy specimens is straight and perpendicular 

to the loading axis, whereas that in the P/M 7091-T7E69 aluminum alloy specimens exhibits a tortuous 

profile. Metallographic examination of the latter reveals that the fatigue crack growth path is partly 

along prior powder boundaries (PPB) or grain boundaries (GB) in some areas but it is usually trans- 

granular and deflects frequently at PPB or GB (see Figure 31). Such microstructurally induced deflec- 

tions of fatigue cracks also were observed in other alloys such as 2020-T651 aluminum,17 underaged 

7075 aluminum,^ Al-Li base alloys.iswa Fe-2Si-0.lC steel,17-*4 AIS11018 steel^ and Ti-6AI-4V alloy.** 

The mechanism of fatigue crack deflection and the mechanics of continued crack growth along the tor- 

tuous path are not clearly understood. Some investigators1820-27 attribute the crack path tortuosity to 

intense shear on and cracking along localized crystallographic planes such as the {111} in aluminum 

alloys and the (0001) and {10T0} in titanium alloys. 

In the P/M 7091-T7E69 aluminum alloy specimens, dark zones of crack jumping are seen within 

the slow crack growth area of the fatigue fracture surface, except for constant-amplitude loading 

fatigue with R • 0.1. Such a crack jump zone is much larger under the FALSTAFF and MINI-TWIST 

spectrum loadings than under the constant-amplitude loading with R • 0.5. The crack jump zone is 

completely covered with dimples, many of which contain small particles, presumably oxides. This indi- 

cates that the crack jumping arises from nucleation of microvoids at many oxide particles and their 

growth and coalescence ahead of an advancing crack tip under fatigue loading. The crack jumping 

14 
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results in a large increment of crack entension. Such crack jumping and large crack extension in a P/M 

7091-T7E69 aluminum alloy die forging were also reported by Wanhill.28 He attributed the crack jump- 

ing to microvoid nucleation at oxide particles on the basis of Thomason's theory^ for cavity nucleation 

at second-phase particles and ductile fracture. 
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CONCLUSIONS 

The P/M 7091-T7E69 aluminum alloy has less directon-sensitive tensile properties, greater tensile 

yield strength, and greater ultimate tensile strength than those of l/M 7475-T7351 aluminum alloy. The 

fracture toughness of the former, however, is much lower than that of the latter. Microstructures of P/M 

7091-T7E69 and l/M 7475-77351 aluminum alloys differ because of extra phases in P/M 7091-T7E69 

aluminum alloy: C02AI9 or [Co.Fe^lg and oxides. The Co^lg or [Co.FekAlg appear as spheroids and 

is not deformed or fractured by the forging process. The oxides appear as numerous particles of irreg- 

ular shapes and are smaller than the Co2Al9 or [Co,Fe]2AI9 particles. Both kinds of particles are 

present along the prior particle boundaries (PPB) and grain boundaries (GB) as well as within the 

powder. 

The fatigue crack growth path is tortuous and deviates from the symmetry plane in P/M 7091- 

T7E69 aluminum alloy, whereas the crack growth path is regular and normal to the loading axis in l/M 

7475-T7351 aluminum alloy. The crack tortuosity in P/M 7091-T7E69 aluminum alloy arises from fre- 

quent crack deflection and occasional crack growth at and along PPB or GB. Crack jumping occurs in 

P/M 7091-T7E69 aluminum alloy under fatigue loading except for constant-amplitude loading with R - 

0.1. Crack jumping is quite extensive under the FALSTAFF and MINI-TWIST spectrum loadings and 

shortens the fatigue crack growth lives drastically. It is induced by nucleation of microvoids at the 

numerous oxide particles and their growth and coalescence ahead of an advancing crack tip. 

16 
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Figure 1. Die Forging of P/M 7091-T7E69 Aluminum Alloy. 
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TOP VIEW 

Tensile Test Specimen    T-Direction I   k 

Tensile Test Specimen     ST-Direction     \ Fatjgue Test Specimen 

FRONT VIEW 

Figure 2. Specimen Positions in Die Forging of P/M 7091-T7E69 Aluminum Alloy. 
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R-0.5, AP-24.750 N, Frequency - 10 Hz 

• Specimen 7475-C1 (7475-T7351) 
• Specimen 7475-C2 (7475-T7351) 
O Specimen #1 (7091-T7E69) 
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Figure 7. Variation of Half Crack Length, a , with Number of Fatigue Loading Cycles 
under Constant-Amplitude Loading of R - 0.1. 
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R = 0.5, AP = 17,875 N,   Frequency = 10 Hz 

• Specimen 7475-C3 (7475-T7351) 
O Specimen #2(7091-T7E69) 
A Specimen #3 (7091-T7E69) 

200,000 400,000 600,000 800,000 

Number of Fatigue Loading Cycles, N 

1,000,000 

Figure 8. Variation of Half Crack Length, a, with Number of Fatigue Loading Cycles 
under Constant Amplitude Loading of R = 0.5. 
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R = 0.1, AP = 24,750 N,  Frequency = 10 Hz 

• Specimen 7475-C1 (7475-T7351) 
A Specimen 7475-C2 (7091-T7E69) 
O Specimen #1 (7091-T7E69) 

1 10 100 
Ak (MPaVm) 

Figure 9. Variations of Fatigue Crack Growth Rate, da/dN, with Stress Intensity Factor Range, Ak, 
under Constant-Amplitude Loading of R - 0.1. 
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R = 0.5, AP = 17,875 N,   Frequency = 10 Hz 

• Specimen 7475-C3 (7475-T7351) 
A Specimen #2 (7091-T7E69) 
O Specimen #3 (7091-T7E69) 

1 10 100 
AK (MPaVm) 

Figure 10. Variation of Fatigue Crack Growth Rate, da/dN, with Stress Intensity Factor 
Range, AK, under Constant-Amplitude Loading of R - 0.5. 
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7091-T7E69 

I 7475-T7351 

Figure 19. Representative Fracture Surfaces for Constant-Amplitude Loading Fatigue with R=0.1 
(Specimen Orientation LS). 

7091-T7E69 

7475-T7351 

Figure 20. Representative Fracture Surface for Constant-Amplitude Loading Fatigue with R=0.5 
(Specimen Orientation LS). 

39 



NADC-89090-60 

7091-T7E69 

7475-T7351 

Figure 21. Representative Fracture Surfaces for FALSTAFF Spectrum Loading Fatigue 
(Specimen Orientation LS). 

7475-T7351 

7091-T7E69 

Figure 22. Representative Fracture Surface for MINI-TWIST Spectrum Loading Fatigue 
(Specimen Orientation LS). 
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10um 
I I 

NOTE: This specimen was fatigue-tested under constant-amplitude loading with R=0.5. The specimen 
surface was polished and etched with Keller's reagent. 

Figure 31. Deflection of Fatigue Crack Growth Path in P/M 7091-T7E69 Aluminum Alloy. 
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Table 1. Chemical Compositions of P/M 7091 and l/M 7475 Aluminum Alloys 

Element 

Zn 

Mg 

Cu 

Mn 

Cr 

Co 

Si 

Fe 

Ti 

Al 

7091 7475 

5.8- -7.1 

2.0- -3.0 

1.1 - -1.8 

0.2 - 0.6 

0.12 max. 

0.15 max. 

remainder 

5.2- -6.2 

1.9 -2.6 

1.2- -1.9 

0.06 max. 

0.18- -0.25 

0.10 max. 

0.12 max. 

0.06 max. 

remainder 
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Table 2. Tensile Properties of P/M 7091-T7E69 Aluminum Alloy 

0.2% Offset Tensile Yield Strength 

Loading Direction 

L T ST 

Specimen No. (ksi) (MPa) (ksi) (MPa) (ksi) (MPa) 

1 75.4 520.2 75.0 516.8 69.2 477.0 

2 76.5 527.7 73.9 510.1 73.6 5075 

3 — — 73.3 505.5 — — 

Ave. Value 76.0 524.0 74.1 510.8 71.4 492.3 

Ultimate Tensile Strenath 

Load ing Direction 

L T ST 

Specimen No. (ksi) (MPa) (ksi) (MPa) (ksi) (MPa) 

1 80.7 556.3 81.6 562.5 78.5 541.7 

2 82.6 569.5 79.7 549.8 79.9 550.7 

3 — — 80.3 553.7 — — 

Ave. Value 81.7 562.9 80.5 555.3 79.2 546.2 

Elonpation (%) 

Load ing Direction 

Specimen No. L T ST 

1 12.0 9.0 10.2 

2 11.5 10.0 11.5 

3 — 8.0 — 

Ave. Value 11.8 9.0 10.9 
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Table 3. Tensile Properties of l/M 7475-T7351 Aluminum Alloy 

0.2% Offset Tensile Yield Strength 

Loading Direction 

L T 

Specimen No. (ksi) (MPa) (ksi) (MPa) 

1 64.0 441.4 62.5 430.9 

2 63.7 439.3 61.4 423.4 

3 63.8 439.7 62.7 432.4 

4 63.6 438.3 63.6 438.7 

5 63.4 436.9 63.5 438.0 

6 63.9 440.6 63.0 434.3 

Ave. Value 63.7 439.4 62.8 433.0 

Ultimate Tensile Strenath 

Loading Direction 

L T 

Specimen No. (ksi) (MPa) (ksi) (MPa) 

'1 73.0 503.1 73.1 504.2 

2 73.1 504.3 73.1 504.2 

3 72.7 501.1 73.0 503.1 

4 73.2 504.7 74.3 512.2 

5 73.5 506.5 73.6 507.8 

6 72.9 502.5 73.1 503.9 

Ave. Value 73.1 503.7 73.4 505.9 
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Table 3. Tensile Properties of l/M 7475-T7351 Aluminum Alloy (Cont'd) 

Elongation (%) 

Specimen No. 

1 

2 

3 

4 

5 

6 

Loading Direction 

L T 

15.0 12.5 

12.5 12.5 

13.0 12.5 

14.0 12.5 

12.5 12.5 

15.0 12.0 

Ave. Value 13.7 12.4 
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Table 4. Fatigue Crack Growth -Life under Constant Amplitude Loading 

Material 

P/M7091-T7E69 

Fatigue Crack Growth Life, N, (cycle) 

R-0.1 

Individual 

93,362 

Mean 

93,362 

R-0.5 

Individual 

211,947 

166,637 

Mean 

189,292 

l/M 7475-T7351 508,327 

465,061 

486,694 720,669 720,669 

Table 5. Fatigue Crack Growth Life under Aircraft Spectrum Loading 

Material/Spectrum FALSTAFF 

Individual              Mean 

P/M7091-T7E69 33                       88 

143 

Fatigue Crack Growth Life, N, (No. of Flights) 

MINI-TWIST 

Individual 

1,465 

l/M 7475-T7351 7,638 31,360 

Table 6. Fracture Toughness Value, KQ, (MPaVm) 

Material 

7091-T7E69 

7475-T7351 

Specimen Orientation 

LT TL 

30.0 

53.7 

32.3 

41.7 

Ref. 

6 

16 
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